L 4

£ slles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.¢ ScienceDirect

Trans. Nonferrous Met. Soc. China 31(2021) 2687-2702

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Comparison of explosive welding of pure titantum/SUS 304 austenitic
stainless steel and pure titanium/SUS 821L1 duplex stainless steel

Xiang CHEN!, Daisuke INAQO?, Shigeru TANAKA!, Xiao-jie LI?, 1. A. BATAEV*, Kazuyuki HOKAMOTO'

1. Institute of Industrial Nanomaterials, Kumamoto University, 860-8555 Kumamoto, Japan;

2. Faculty of Engineering, Kumamoto University, 860-8555 Kumamoto, Japan;

3. State Key Laboratory of Structural Analysis for Industrial Equipment and Department of Engineering Mechanics,

Dalian University of Technology, Dalian 116024, China;

4. Faculty of Mechanical Engineering and Technologies,
Novosibirsk State Technical University, K. Marks 20, 630073 Novosibirsk, Russia

Received 15 October 2020; accepted 2 March 2021

Abstract: Pure commercial titanium was welded with two types of stainless steel, namely SUS 304 austenitic stainless
steel and SUS 821L1 duplex stainless steel. The wavy interface of SUS 82111 was smaller than that of SUS 304. The
vortex zone was observed from both longitudinal and transverse directions, and its composition was analyzed. The
interface of Ti/SUS 821L11 was able to bear 401-431 MPa shear load while that of Ti/SUS 304 could withstand
352-387 MPa. The weldability window was used to analyze experimental phenomenon. Furthermore, the smoothed
particle hydrodynamics (SPH) numerical simulation method was used to simulate the wavy interface. The trend of
wavelength and amplitude change with strength and the stand-offs was consistent with the experimental results.
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1 Introduction

Titanium and titanium alloys are widely used
in the aviation, chemistry, biomedicine and nuclear
industries. This is because they offer the advantages
of low density, high strength, excellent resistance to
corrosion and high impact toughness [1]. Structural
parts of titanium or titanium alloys and stainless
steel can be used in aerospace engineering,
chemical and petrochemical industries, heat
exchangers, nuclear reactors and nuclear fuel
reprocessing [2,3]. Currently, the main methods of
combining titanium/titanium alloys with stainless
steel involve friction welding [4], pulsed laser
welding [5], fusion welding [6], diffusion

bonding [7], friction stir welding [8] and explosive
welding [9]. Among them, explosive welding has
the advantage of producing high-strength and
large-area composite plates [10,11].

Presently, a number of studies exist on the use
of explosive welding to bond titanium and stainless
steel. For instance, MUDALI et al [12] welded pure
titanium and AISI 304L stainless steel to study
corrosion and microstructure of the joined
product. Though the corrosion rate was high, it
was acceptable as corrosion attack was on the
stainless steel portion of the joint. Additionally,
KAHRAMAN et al [13] welded titanium alloy
(Ti-6Al-4V) with austenitic stainless steel using
different explosive loads to compare the different
morphologies of the interface. They found that the
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welding interface was flat when using lower
explosive loads, and wavy interface appeared
when using higher explosive loads. Moreover,
MANIKANDAN et al [14] joined pure titanium
(TP 340) with SUS 304 by controlling the energy
conditions to limit the generation of the melting
layer at the welding interface. MOUSAVI et al [15]
studied the effect of heat treatment after explosive
welding on the microstructure of the interface. They
showed that heat treatment promoted the formation
of intermetallic phases. MOUSAVI et al [16] also
joined pure titanium and AISI 304 stainless steel at
different explosive loads to investigate the effect of
explosive loading on the bonding interface, and
brittle intermetallic phases such as Fe:Ti, Fe,TisO
and Cr;Ti were found at the interface under high
explosive loads. Although explosive welding has
the advantage of preparing large-area composite
plates, it is not suitable for bonding plates that are
largely thick. Therefore, a recent study used an
explosive welded plate as a transition joint and
combined other welding methods to manufacture
composite plates with large thickness. This method
expanded the application of explosively welded
materials [17].

In this study, the SUS 304 austenitic stainless
steel and a new type of corrosion-resistant duplex
stainless steel (SUS 821L1) were used. SUS 821L1
was a new kind of high strength duplex stainless
steel produced by Nippon Steel Corporation in
2015 [18,19]. Compared to SUS 304, SUS 821L1
has higher strength and higher resistance to
corrosion. The clad combination of duplex stainless
steel and titanium has better corrosion resistance,
and it can be used in highly corrosive environment.

Table 1 Chemical compositions of materials (wt.%) [20,21]

The optical microscope (OM) and scanning electron
microscope (SEM) were then used to make
comparisons in welding results from the two types
of stainless steel. Additionally, the vortex was
analyzed in the transverse direction using the
electron probe microanalyzer (EPMA). The tensile
shear test was also conducted to estimate the
bonding strength and the fractures were analyzed.
Finally, the smoothed particle hydrodynamics
(SPH) method was used to simulate the process of
collision between the flyer and collided plates in
order to understand the mechanism of wavy
interface formation.

2 Experimental

2.1 Materials

Pure commercial titanium TP 270C (JIS Grade
1), JIS SUS 304 austenite stainless steel and JIS
SUS 821L1 duplex stainless steel (austenite and
ferrite) were used in this study. The chemical
compositions of two types of stainless steel are
given in Table 1. The mechanical properties of the
materials are also highlighted in Table 2. Prior to
the explosive welding experiments, the hardness of
the materials was measured. The hardness of
welding surface of titanium is HV 145 (0.196 N
loading), the hardness of thickness surface of
titanium is HV 155 (0.196 N loading), the hardness
of welding surface of SUS 821L1 is HV 245
(0.98 N loading), the hardness of thickness surface
of SUS 821L1 is HV 300 (0.98 N loading), the
hardness of welding surface of SUS 304 is HV 195
(098 N loading), and the hardness of thickness
surface of SUS 304 is HV 310 (0.98 N loading).

Material C H o N Fe Ti Si Mn Ni Cr
TP 270C <0.08 <0.013 <0.15 <0.03 <0.20 Bal. - - - -
SUS 304 <0.08 - - - Bal. -  <1.00 <2.00 8.00-10.50 18.00—20.00
SUS 821L1  <0.03 - - - Bal. - <075 2.0-40 1.50-2.50 20.50-21.50
Table 2 Mechanical properties of materials [20,22,23]
Material Density/(g'cm™)  Yield strength/MPa Tensile strength/MPa  Elongation/%  Hardness (HB)
Titanium 4.54 >165 270-410 >27 -
SUS 304 7.90 >205 >520 >40 <200
SUS 821L1 7.80 >400 >600 >25 <290
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There were clear differences in hardness between
the welding and thickness interfaces due to
variations in their microstructures, as shown in
Fig. 1.

(2)

Fig. 1 Microstructures of SUS 821LI1: (a) Welding
interface; (b) Thickness interface; (¢) Local area of (b)
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2.2 Explosive welding

The main explosive used in the experiment
was ANFO-A (a mixture of ammonium nitrate and
fuel oil) with a density of ~530 kg/m?3. Initiation
was conducted using a high detonation velocity
explosive named SEP and the explosive welding
configuration is shown in Fig. 2. The thickness of
explosives used in the study was 48 mm.
Additionally, the dimensions of the titanium
and stainless steel plates were 200 mm (length) x
100 mm (width) x 3 mm (height) while those
of mild steel were 260 mm (length) X 140 mm
(width) x 60 mm (height). The gaps between
titanium and stainless steels were set at 5, 10 and
15 mm, respectively. The parameters were selected
according to Manikandan’s work [9].

3 Results and discussion

3.1 Calculation of explosive welding parameters
Flyer plate velocity in the vertical direction (V)
and the collision angle (f) are important factors in
calculating the welding parameters of explosives.
The relationship can be expressed using the
following equation [24]:
V=2V, sin(B/2) 1
where Vp is the detonation velocity of the
explosive.

The collision angle £ can be calculated using
the following equation [25]:

K+1 T r
/3=[ /—-1} o
K=l )2, 571, 0184

N

where r represents the loading ratio (mass of

TP 270C

Stand-off=5, 10 or 15

Unit: mm

Fig. 2 Schematic of explosive welding configuration
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explosive per unit mass of flyer plate), #. and s are
the explosive thickness and the stand-off distance,
respectively, and K is the gaseous polytropic index
of the detonation products.

Energy dissipated at the interface during the
collision is crucial for the results of explosive
welding. Therefore, loss of kinetic energy (AFEY) at
collision can be calculated using the following
equation [26]:

mDchP2

AE, =" 3)

- 2(mp +me)
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where mc is the mass per unit area of the collided
plate, and mp is the mass per unit area of the flyer
plate. The calculated results are summarized in
Table 3. References [9,26] give the parameters of K
and /p in Table 3.

3.2 Microstructural analysis
3.2.1 Wavelength and amplitude

Figure 3 shows that there was a wavy interface
with periodic changes at the welding interface
and this is the most significant feature of explosive

Table 3 Calculated flyer plate velocity Vp, collision angle  and kinetic energy loss AFx

Sample Gaseous polytropic Explosive Detonation velocity, Flying plate Collision AEW/
No. index, K ratio, r D/(m's™") velocity, Vp/(m-s™!) angle, #/(°) (kJ'm™?)
1 2.48 1.87 2575 633 14.1 2053
2 2.48 1.87 2575 633 14.1 2053
3 2.48 1.87 2575 735 16.4 2766
4 2.48 1.87 2575 735 16.4 2766
5 2.48 1.87 2575 777 17.4 3088
6 2.48 1.87 2575 777 17.4 3088

(a)

Titanium

Titanium

(c)
Titanium

Waye rear Wavetront

[

SUS 821L1 ' \
EAY U Welding direction

i VTR A AR

(b)

Titanium

Titanium

i Pores. -

Titanium

Melting zone

Fig. 3 Optical microscopic photographs of welding interface: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4;

(e) Sample 5; (f) Sample 6
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welding [27,28]. The micro morphology of the
vortex zone was slightly different in each wave
although the overall wavelength and amplitude
were stable. In addition, the wave was divided into
the wave front and rear sections, based on the
welding direction. Figure 3 and Table 3 show that
an increase in stand-offs, flyer plate velocity and
collision angle resulted in more loss in kinetic
energy as well as an increase in both wavelength
and amplitude. The relationship between kinetic
energy loss and flyer plate velocity is given in
Eq. (3). Whether the increase in wavelength and
amplitude was related to increased flying plate
velocity or increased collision angle is not clear.
The welding results of SUS 821L1 and SUS 304
showed that the harder the welding surface became,
the lower the wavelength and amplitude were at the
interface, consistent with previous research [29],
while the vortex zone at the wave rear became
smaller. Under high pressure, the metals entered
fluid state, and the ratio of pressure to tensile
strength of Ti/SUS 304 was higher than that of
Ti/SUS 821L1. When the ratio was higher, more jet
would generate, and then larger wavelength and
amplitude would be formed. Besides, cavities and
melting areas were found in the vortex zones.
Therefore, based on the experimental findings,
good welding results were achieved from the three
selected parameters.
3.2.2 Microstructure of interface

SUS 821L1 and pure titanium were etched
using a solution containing HF (3 mL), HNO3
(6 mL), and H2O (91 mL). On the other hand,
SUS 304 was etched using a solution containing
HNO3 (5 mL) and HCI (15 mL). Adiabatic shear is
the dynamic mechanical behavior of materials
under impact load, and occurs due to the heat
generated from large plastic distortion in local areas,
within a short time. Deformation in these areas is
intensified by the generated heat. Generally,
adiabatic shear can be divided into two types: one is
the deformation band, characterized by a highly
concentrated shear strain, sharp grain elongation
and grain fragmentation; the other is the
transformation band, characterized by phase
transformation or grain recrystallization [30]. The
adiabatic shear band (ASB) is often observed in
explosively welded material due to the large plastic
deformation at the interface [29,31] and the high
strain rate (>10° s™') [24]. Moreover, the heat

generated by large plastic deformation is usually
released gradually, hence making the deformation
more severe. Occasionally, adiabatic shear develops
cracks. The ASB was found at the welding
interface, as shown in Fig. 4. Compared to the
original distribution of grains in Fig. 1(c), the grains
around the ASB in Fig. 4(c) were clearly elongated
and crushed, indicating that it belonged to the
deformation band category. The recrystallized
grains in Fig. 4(d) resulted from large plastic
deformation. Moreover, an increase in plastic
deformation gave rise to more cracks in the ASB, as
shown in Fig. 4(f).

A metal jet is often generated during the
process of explosive welding [32] and it plays
a role in self-cleaning by removing oxides and
portions of metal on the surface [24]. The jet
assembles these materials into the vortex zone and
the molten metal inside reacts to produce
intermetallic compounds [33]. The vortex zone has
a high cooling rate of 10’-10° K/s [34], which
results in the formation of amorphous alloys [35].
Therefore, the vortex zone contains a mixture of
original  metals, intermetallic = compounds,
amorphous compounds and oxides. Figures 4(e, g)
show that the grains of stainless steel were
obviously elongated and fragments of titanium and
stainless steel were present in the vortex. Moreover,
the cracks in Fig. 4(h) were caused by thermal
stress during solidification [36]. The ASB occurred
near the crest of the wave in SUS 304, as shown in
Figs. 4(i), while in SUS 821L1 ASB spread across
the wave, as indicated in Figs. 4(b, f).

In this study, the transverse section was
explored in order to further understand the entire
interface. The cross section of the vortex zone in the
transverse direction is shown in Fig. 4(j). Stainless
steel chipping and alloy phases were observed in
the vortex zone. Additionally, cracks were present
in both the longitudinal and transverse zones of the
vortex.

3.2.3 EPMA results

Figure 5 shows the cross section of the vortex
region in the transverse direction. The EPMA test
results revealed that the main components in the
analyzed zone were Ti, Cr, Fe, Ti+Cr, Ti+Fe, and
Cr+Fe. The areas containing Cr+Fe and Fe mainly
belonged to SUS 821L1. Based on the distribution
of elements, it was deduced that the melting zone
contained titanium, chromium, iron, an alloy phase
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Fig. 4 Microstructures of interface: (a) Sample 1; (b) Sample 3; (c) Region I of Sample 3; (d) Region II of Sample 3;
(e) Region III of Sample 3; (f) Sample 5; (g, h) Vortex zones; (i) Sample 6; (j) Transverse microstructure of vortex zone
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Fig. 5 EPMA results for Sample 3 in transverse direction: (a) Detection area; (b) Distribution of elements; (c) Areas

containing Fe+Ti; (d) Ti element; (¢) Fe element

composed of Ti and Cr, an alloy phase containing
Ti and Fe, and SUS 821L1 (Cr+Fe and Fe). In
Ref. [16], MOUSAVI and SARTANGI found Fe,Ti
and Cr.Ti in the melting zone. By combining the
results in Fig. 5, it can be deduced that the
components of the melting zone included titanium
(Ti), chromium (Cr), iron (Fe), Fe,Ti (Tit+Fe), Cr2Ti
(Ti+Cr) and SUS 821L1 (Ti+Cr and Fe). Besides,
oxides and amorphous alloys were in the melting
zone [35]. The composition of the vortex region
was complex, and it was mainly composed of
titanium, stainless steel and Ti—Fe alloy phases.
Notably, there was an alloy layer between titanium
and stainless steel in Zone A, where the diffusion of
elements took place.

3.3 Mechanical properties
3.3.1 Vickers hardness

The Vickers hardness test results are shown in
Fig. 6. A load of 0.98 N was used to measure the
hardness of stainless steel while 0.196 N was used
for titanium. The first point of measurement was
taken 20 um from the interface and the subsequent
measurements were made at 50 um intervals, as
indicated in Fig. 6(a). The black horizontal lines
show the initial Vickers hardness values of the
surface of the received materials. The hardness of
the materials increased after explosive welding, due
to the work-hardening. However, the hardness of

titanium decreased slightly near the interface and
around the vortex zone, maybe due to the heat
generated in the vortex zone during welding.
During the formation of the vortex zone, the
materials rotate at a high speed [34] and the
centrifugal force gives rise to holes or a porous
structure. In Section 3.2.2, it was mentioned that the
vortex region consists of a mixture of alloys,
titanium, stainless steel, amorphous and oxides.
Therefore, due to the influence of these factors, the
hardness values in the vortex region were not
uniform. Loading of 19.6 N was used to measure
the mechanical properties of ASB, and the result in
Fig. 6(d) showed that there were no cracks
generated in the ASB under the loading. This means
that the ASB in Sample 5 has a good mechanical
property.
3.3.2 Tensile shear test results

Measuring the bonding strength of welded
plates is rather challenging. Although the Ram
tensile test is a good method of measuring the
bonding strength, it has some limitations. For
example, the material needs reasonable thickness
and strength [26]. In addition, the ASTM side shear
test was used to evaluate the bond strength.
However, given that the interface of explosively
welded materials was not flat, manufacturing the
shear sample became difficult [37]. Moreover,
St
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Fig. 6 Vickers hardness test results: (a) Hardness across wavy interface; (b) Sample 2; (¢) Sample 5; (d) Indentation test

of Sample 5

measuring the shear strength. However, they only
reported the strength values, but details of the
samples after testing were not availed. In this study,
a method similar to that used by SHIRAN et al [38]
was utilized to measure the bonding strength. The
tensile shear test sample in Fig. 7(b) was taken from
the processing area in Fig. 7(a). When Samples 3
and 5 were cut with a sawing machine, the welded
plates were separated near the edge of the plate,
which means that these areas were not well welded.
In order to get a properly welded sample for the
tensile shear test, the samples were manufactured
by using a 0.3 mm tungsten wire and the processed
area is shown in Fig. 7(a). The processed sample is
shown in Fig. 7(b). Figure 7(c) clearly shows the
position relationship between the cuts and interface.
Additionally, the machining accuracy was crucial in
ensuring that the notch was just near the interface.
This corroborated with the report by DERIKVAND
and PANGH [39] on making a tensile shear test
sample. The loading speed was 0.1 mm/min. The
test results in Table 4 show that the interface of
Ti/SUS 821L11 could bear 401—431 MPa shear
load while that of Ti/SUS 304 was able to withstand
352-387 MPa. The fractures are shown in
Figs. 7(d—g). Figure 8 shows that the fractures of

Samples 1—-4 mainly occurred on the titanium side,
suggesting that the bonding strength of Ti/SUS
821L1 was higher than the measured value.
However, the fractures of Samples 5 and 6 occurred
on both the titanium side and vortex zone. This may
be attributed to the alloy layer between the vortex
zone and titanium, as shown in Figs. 4(g, h).
Figures 8(g—1) show that the fractures were brittle
and the failure mode was slip shear. Figure 8(i) also
shows several cracks in the morphology of the
vortex zone. The fracture did not develop along the
adiabatic shear line in duplex stainless steel,
suggesting that the adiabatic shear was not obvious
in this case, and it did not affect the shear strength
of the interface. However, as an internal defect, the
adiabatic shear line should be minimized or avoided
during welding.

3.4 Weldability window

WITTMAN [40] and DERIBAS et al [41]
introduced the concept of the weldability window
for explosive welding. The concept takes into
account the collision point velocity in the horizontal
direction (Vc) and the collision angle (). When the
parameters used are within the weldability window,
moderate welding results can be achieved.
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Fig. 7 Tensile shear test results: (a) Processing area; (b) Tensile shear test sample; (c) Optical microscope image for

Sample 6; (d—g) Samples after testing; (h) Tensile curves

Table 4 Tensile shear test parameters

Sample Length/ Width/ Height/ Distance set between Actual distance =~ Maximum shear Main location of

No. mm mm mm two cuts/mm between two cuts/mm  strength/MPa fracture
1 83.10 9.95 5.70 3.00 2.67 403 Titanium
2 83.10 10.00 5.80 3.00 2.67 387 Titanium
3 83.10 9.95 5.80 3.00 2.85 431 Titanium
4 83.10 9.75 5.80 3.00 2.85 354 Titanium
5 83.10 9.72 5.80 3.00 2.85 401 Titanium+Interface
6 83.10 10.00  5.80 3.00 2.67 352 Titanium+Interface
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c¢) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6;

(g) Shear surface of Sample 1 (Ti side); (h) Shear surface of Sample 6 (Ti side); (i) Shear surface of Sample 6 (SUS 304

side)

Equation (4) gives the lower limit of the
window [25], above which materials enter into a
liquid state and this is necessary for the formation
of ajet:

%
pve

p=k 4)

where £ is a constant of 0.6—1.2 and is related to
surface roughness and cleanliness. H represents
Vickers hardness (MPa), and p is the density
(kg/m?). Titanium and stainless steel are difficult to
weld, so k& was set to be 1.0. The hardness of
welding surface was used in the calculation of
weldability window.
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When the tensile force generated during
collision leads to extensive melting at the interface,
welding the materials becomes challenging. This
phenomenon is referred to as the upper limit of
explosive welding. Equations (5) and (6) can

describe this upper limit [42]:
. p K

s1n5= hoAzssz ®)
C
05 1 C 0.25

S Ac
Ky, _TnCo) 0 (6)
2N P

All the parameters in Egs. (5) and (6) are
related to the flyer plate, where f is the collision
angle and / is the thickness. The parameter Kw is
essentially dependent on the physical and thermal
properties of the flyer plate, 7w represents the
melting temperature and Co is the speed of sound in
the bulk material. Additionally, A represents thermal
conductivity of the material while ¢, is its constant
pressure specific heat capacity, p is the density and
N is a constant in the reference [43]. Under normal
conditions, the value of N is 0.11 although a wider
upper limit can be obtained when N is 0.037 [34].
The parameters of titanium are given in Table 5. In
this study, different values of N were compared, and
N=0.037 was shown to be more consistent with the
experimental results.

According to research by COWAN et al [45],
the Reynolds number plays an important role in the
forming of a wavy interface. Therefore, they
proposed Eq. (7) that can be used to calculate the
critical Reynolds number (Re) [45]. When the Re is
fixed, the equation can be used to calculate the
critical velocity V. which determines transition to
the wavy interface. This is the left limit of the
weldability window:

2H+H,) @

where p is the density (kg/m?) and H represents the
hardness of the welding interface. The subscripts
“f” and “c” refer to the flyer plate and collided plate,
respectively. COWAN et al [45] experimentally
obtained the critical Reynolds number of a series of

Table S Properties of titanium [44]
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metals and the values ranged from 8.1 to 13.1 with
the average being 10.6. Researchers mostly use the
average value in calculating the left limit [34,44],
but this is usually not the case for explosive
welding of titanium and stainless steel, because
using 10.6 gives results that contradict the
experimental findings. Notably, both COWAN
et al [45] and MOUSAVI and SARTANGI [16]
used 8.7 as the critical Reynolds number of
cladding Ti/Steel. Therefore, the present study used
an Re value of 8.7. The hardness of the welding
interface was used in Eq. (7). Given that two types
of collided plates were used in this study, two left
limits were obtained. Figure 8 shows that the
distance between the left limit of SUS 304 and the
welding parameters was larger than that of SUS
821L1. Therefore, both the wavelength and
amplitude of SUS 304 were larger.

Right limit is the sound speed limit and it is
impossible to form a jet when the parameters
exceed this limit. ROSSET [44] introduced a
method to calculate the right limit.

The weldability window is highlighted in
Fig. 9. Through the weldability window, as the
collision angle increased, there was a corresponding
increase in wavelength and amplitude. Based on
Eq. (2), the stand-off was proportional to the
collision angle in a certain range. Moreover, as the
welding parameters moved to the right zone of the
window, the wavelength and amplitude increased.

4 Numerical simulations

The process
simulated by the smoothed particle hydrodynamics
(SPH) method [46]. The collision process between
flyer plate and collided plate was simulated [47]
and a 2D model was used, as shown in Fig. 10. The
dimension of the titanium and stainless steel was
20 mm (length) x 3 mm (height), and the particle
size was 10 um. On the other hand, the dimension
of steel was 60 mm (length) x 30 mm (height).
The parameters used for the simulation are given
in Tables 6 and 7. Given that the experimental
parameters for SUS 821L1 were not available,

of explosive welding was

Density, Melting temperature,  Bulk sound speed, Thermal conductivity, Specific heat capacity,
p/(kg-m™) Tw/°C Co/(m-s™") A(W-m K™ c/(J-kg K™
4540 1660 5090 22 520
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Fig. 9 Weldability window

Steel

5 mm

Fig. 10 Numerical model of explosive welding

Table 6 Parameters of Shock equation of state [48,49]

those of SUS 304 were used to simulate SUS 821L1
and only the yield strength was changed to
577 MPa [18]. In this way, it was possible to study
the effect of the strength of collided plate on the
welding interface.

Figure 11 clearly showed that when collision
velocity increased, there was corresponding
increase in the amount of jet, melting (Mises
stress) [50], wave and vortex zone, consistent with
the experimental results. In addition, simulation
revealed that the amount of jet from the titanium
side was larger than that from the stainless steel
side. This is because the material with a lower
strength was more likely to produce a jet. Due to
lack of experimental data, the parameters used in
the simulation were different from the actual
parameters of the material. This led to differences
between the simulation results and the experimental
results. However, simulation effectively predicted
the trend. The simulation results showed that the
higher the loss in kinetic energy loss (or stand-offs)
is, the higher the wavelength and amplitude are.
Besides, an increase in the strength of the collided
plate led to a decrease in wavelength and amplitude,
consistent with the experimental results.

I e e
Titanium 1.23 5020 1.536 300 520
SUS 304 2.17 4569 1.490 300 500
SUS 821L1 2.17 4569 1.490 300 500
Steel 1006 2.17 4569 1.490 300 452
Table 7 Parameters of Johnson Cook strength model [48]
Material Density/ Shear Yield Hardening Hardening
(g'em™) modulus/kPa strength/kPa constant/kPa exponent
Titanium 4.528 4.4000%107 2.1389%x10° 3.5582x10° 0.4381
SUS 304 7.900 8.0000%107 3.1000x10° 1.0000x10° 0.6500
SUS 821L1 7.800 8.0000x107 5.7700x103 1.0000x10° 0.6500
Steel 1006 7.896 8.1800x107 3.5000x10° 2.7500x103 0.3600
Material Strain rate Thermal Melting Re.ference Strain re.lte
constant softening temperature/K strain rate/s™! correction
Titanium 0.02559 1.08 1941 1.0 Ist order
SUS 304 0.07000 1.00 1673 1.0 Ist order
SUS 821L1 0.07000 1.00 1673 1.0 Ist order
Steel 1006 0.02200 1.00 1811 1.0 Ist order
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Fig. 11 Morphologies of welding interface (a—j) and comparison of simulation and experimental results (k, 1): (a) Jet of
633 m/s; (b) Jet of 777 m/s; (c, e) von Mises stress of 633 m/s; (d, f) von Mises stress of 777 m/s; (g, h) Wavy and
simulated interface of Sample 5; (i, j) Wavy and simulated interface of Sample 6; (k) Wavelength; (1) Amplitude

of SUS 304. Analysis of the weldability window

5 Conclusions showed that this phenomenon occurred because the
welding interface of SUS 821L1 was harder than

(1) Under the same welding parameters, the that of SUS 304. In addition, differences in the
interface wave of SUS 821L1 was smaller than that welding results of the two types of stainless steel
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were shown by the position of the adiabatic shear
band. The adiabatic shear band generated in SUS
821L1 crossed the whole wave while in SUS 304 it
was located at the crest of the wave.

(2) The microstructure of the vortex at the
longitudinal and the transverse interfaces was
observed. Additionally, the vortex region was
shown to be mainly composed of titanium,
chromium, iron, Fe,Ti, Cr,Ti and SUS 821L1.
Several cracks were also identified in this region.
The interface of Ti/SUS 821L11 could bear a shear
load of 401-431 MPa while that of Ti/SUS 304
could withstand 352-387 MPa. Moreover, the
tensile shear test results showed that when the
vortex zone was small, the fracture appeared on the
titanium side, indicating that the bonding strength
was higher than the measured value. However,
when the vortex zone increased, the fracture
appeared at the interface, indicating that the
measured value was the bonding strength.
Therefore, a large vortex area was not good for
bonding strength. Indentation test and tensile shear
test indicated that the ASB can withstand a certain
degree of loading.

(3) The wavy interface was simulated through
the SPH method. The simulation results showed
that the higher the loss in kinetic energy (or
stand-offs) is, the larger the wave and vortex zone
are. In addition, an increase in the strength of
stainless steel led to a decrease in the wave size at
the interface. The simulation results were consistent
with the experimental findings. Through simulation,
the jet process and melting of the interface could be
obtained.
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